The microbial transglutaminase (TGase) from Streptomyces libani was purified from its culture broth and its enzymatic properties were compared with those of TGase from Streptoverticillium mobaraense var. TGase was purified by ion-exchange chromatography and size-exclusion chromatography. The specific activity of the main component was 10.7 unit/mg protein, lower than that of Streptoverticillium mobaraense var. (25 unit/mg). Several differences of enzymatic properties were found between the two enzymes. Optimum temperature, stability and gelation activity of TGase from Streptomyces libani were lower than those of TGase from Streptoverticillium mobaraense var, while, deamidation activity was higher. In addition, the existence of some TGases with different pI were suggested.
Transglutaminase (glutaminyl-peptide: amine ␥-glutamyltransferase, EC 2.3.2.13; TGase) is an enzyme that catalyzes an amine-incorporating reaction and crosslinking reaction through acyl transfer between a ␥-carboxyamide of peptide-bound glutamate and a primary amine and/or protein-bound lysyl side chain. When the amine substrate is absent, the glutamine residues of certain proteins are deamidated. Thus TGase is expected to improve the nutritional value and rheological properties of food proteins (Matheis & Whitaker, 1987; Ikura et al., 1980; Motoki & Nio, 1983; Fatoumata & Meunier, 1991) . TGase is widely distributed in body fluid and tissue of mammalian, vertebrates and invertebrates (Aeschlimann & Paulsson, 1994) . Among them, TGase from guinea pig liver and human blood coagulation factor XIIIa have been well studied and characterized (Folk & Chung, 1973) . Because of the advantage of mass production, many researchers (Ando et al., 1989; Ramanujam & Hageman, 1990; Klein et al.,1992; Kobayashi et al., 1998) have performed screening of microorganisms producing TGase. Ando et al. (1989) first found that some Streptoverticillium (S.) sp. secreted TGase. The extracellular TGases are advantageous to the production and purification. Thus the microbial TGase from S. mobaraense var. that they found is now commercially available and there are numerous applications and patents for food processing (Nielsen, 1995; Motoki & Kumazawa, 2000) . The amino acid sequence and the nucleic acid sequence of TGase from S. mobaraense was determined by Kanaji et al. (1993) , Washizu et al. (1994) and Pasternack et al. (1998) (accession number: E05286, Y18315, respectively).
To date several Streptomyces(S.) sp. have been found to secrete TGase (Bech et al., 1996; Wu et al.,1996; Junqua et al., 1997; Kim et al., 2000) and studies on optimizing production conditions and expressions of extracellular TGase have been made (Washizu et al., 1994; Zhu et al., 1995; Zheng et al., 1998; Pasternack et al., 1998) . The amino acid sequence homology between microbial TGases derived from Streptomyces sp. is more than 70% in 331 amino acid residues and higher than those with mammalian tissue-type TGases, such as TGase from guinea pig liver. Thus the properties are thoughts to be similar, however, the enzymatic properties of these enzymes have not been clearly determined. Faergamand et al. (1997) mentioned a little about the difference between TGase from S. mobaraense var. and S. lydicus but details of the enzymatic properties were not known. In this study we purified the enzyme from S. libani and compared the enzymatic properties to those of TGase from S. mobaraense var. in detail .
Materials and Methods
Enzyme and reagents TGase (25 units/mg) was purified from the culture medium of S. mobaraense var. as described earlier ( Ando et al., 1989) . Benzyloxy-carbonyl-L-Gln-Gly (Z-GlnGly) was purchased from the Peptide Institute, Inc. (Osaka). LGlutamic acid ␥-monohydroxamate was purchased from Sigma Chemical Co. (St Louis, MO). Protein assay kit and bovine serum albumin (BSA) as standard were obtained from BIO-RAD (Hercules, CA). Other reagents of guaranteed grade were obtained from Wako Pure Chemicals (Osaka).
Measurement of enzymatic activity Enzymatic activity was measured by the colorimetric hydroxamate procedure (Folk & Cole, 1996) Bactopepton, 2.0% soluble starch, pH 6.0) and grown aerobically at 30˚C for 20 h. Five-tenths milliliters of this seed culture was added to 80 ml medium in a 500 ml Sakaguchi flask and incubated at 30˚C at 200 rpm for 7 days. The purification was done at 4˚C. From 10 l of culture broth (after 7 days of fermentation) the microorganism was removed by centrifugation at 18,000 g for 30 min and the supernatant was filtered by ultra filtration (Hydrosult 10kDa cut-off membrane). The filtrate was subjected to ammonium sulfate fractionation. The precipitate at 40-70% saturation was collected and dissolved in 500 ml of 50 mM sodium phosphate buffer (pH 5.5). After filtration through a 0.45 m filter, the filtrate was subjected to a Superdex G-25 (10¥10 cm) equilibrated with the same buffer to remove the salt and pigment completely at 3.5 ml/min of flow rate. The fractions with TGase activity were loaded on a CM-Sepharose Fast Flow (2.6¥10 cm) at 4 ml/min of flow rate. Elution was done with a linear gradient 0-0.5 M of NaCl and fractions of 8 ml were collected. Fractions with TGase activity were pooled and dialyzed against 50 mM of sodium phosphate buffer (pH 8.5). After filtration through a 0.45 m filter, the sample was applied to Q-Sepharose High Performance (2.6¥10 cm) equilibrated with 50 mM of sodium phosphate buffer (pH 8.5) at 3 ml/min of flow rate. The flow-through fractions with TGase activity were collected and dialyzed against 50 mM of sodium phosphate buffer (pH 9.0). After filtration through a 0.45 m filter, the sample was applied to Q-Sepharose High Performance (2.6¥10 cm) equilibrated with the same buffer. Elution was done with linear gradient of 0-0.4 M NaCl/20 column volume and fractions of 10 ml were collected. The fractions with TGase activity were pooled and concentrated using ultra filtration (Amicon Centriprep 10 kDa cut off). The concentrate was loaded on Superdex G-75 (1¥30 cm) equilibrated with 50 mM of sodium phosphate buffer (pH 9.0). Elution was done at 0.5 ml/min of flow rate and fractions of 0.5 ml were collected.
SDS-polyacrylamide gel electrophoresis and Western blotting SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was done using the method of Laemmli (1970) with 5-20% gradient gel. For Western blotting, proteins were transferred from SDS-PAGE gel to PVDF membrane. After blocking with 3% BSA solution, PVDF membrane was immersed successively in 20 mM of sodium phosphate buffer (pH 7.2) containing antiTGase from S. mobaraense var. rabbit serum and anti-rabbit IgG conjugated with alkaline phosphatase, then stained using the system BCIP/NBT.
Optimum pH and optimum temperature for the reaction To determine the optimum pH, enzyme activities in each pH (3, 4, 5, 6, 7, 8, 9, 10, 11) in 20 mM GTA (3,3-dimethyglutaric acid : Tris : 2-Amino-2-methyl-1,3-propanediol=1:1:1) buffer were measured using the colorimetric hydroxamate procedure described above. To determine the optimum temperature, 1 ml of reaction buffer containing 20 mM PIPES, 30 mM Z-Gln-Gly, 0.1 M hydroxylamine, 0.1 M GSH (reduced form), pH 6.0 was preincubated at 10, 20, 30, 37, 40, 50, 55, 60, 70˚C for 10 min and the reaction was started by adding of 100 l of enzyme solution. The reaction mixture was incubated for 10 min at each temperature and the enzyme activities measured.
pH and thermal stability To measure the pH stability, enzyme solution (0.1 mg/ml) was incubated in each pH solution of 20 mM GTA buffer at 37˚C for 10 min, after which, the remaining activity was measured. For thermal stability, enzyme solution (0.1 mg/ml) was incubated at each temperature in 20 mM PIPES, pH 6.0 for 10 min. After the incubation, the remaining activity was measured.
Measurement of deamidation activity The reaction mixture contained 10 mM Z-Gln-Gly in 350 l of 0.1 M Tris-HCl, 20 mM GSH, pH 6.0. The reaction was initiated by the addition of 50 l of enzyme (1 U/ml) to the reaction mixture which was then incubated at 37˚C, and was stopped by heating at 105˚C for 5 min. The reaction mixture was subjected to reverse phase-HPLC with cosmosil 5C18-AR (4.6¥250 mm i.d. Nacalai Tesque, Kyoto). Elution was with a linear gradient of 10-50 % B /30 min at 1.0 ml/min at room temperature in which solution A consisted of 0.1% TFA and solution B consisted of 0.1% TFA/ acetonitrile. The reaction product was measured using the peak area of Z-Glu-Gly as standard.
Measurement of kinetic constant of the reaction for Z-GlnGly To measure the kinetic constant of incorporation of hydroxylamine (NH 2 OH), the reaction mixture contained 0 to 100 mM Z-Gln-Gly, 0.1 M NH 2 OH, 10 mM GSH, 5 mM CaCl 2 , and 0.2 U of enzyme in 1 ml of 0.2 M Tris-HCl (pH 6.0). The mixture was incubated for 10 min at 37˚C and the product formed by the reaction was measured by colorimetric hydroxamate procedure as described above. To measure the kinetic constant of deamidation, deamidation activity was measured using RP-HPLC as described above. Kinetic constants were determined using the [S 0 ]/ v-[S 0 ] plot on the basis of the equation of Michaelis-Menten. The absolute value of cross point with the X-axis was used as km value.
Gelation activity Viscoelasticity was measured by dynamic oscillatory rheometry. The reaction mixture contained sodium caseinate (10% w/v), 50 mM sodium phosphate, pH 7.0, and was preincubated at 40˚C for 10 min; the reaction was started by addition of each enzyme (0.01 U/mg substrate protein). Two and nine-tenths milliliters of the reaction mixture was loaded on the rheometer (Rheostress 100, Hakke, Germany). The storage modulus (G') and loss modulus were monitored with a parallel plate (60 mm) under 0.5% of deformation at a constant frequency of 1 Hz.
Results and Discussion
Production and maturation of TGase of S. libani. Both S. libani and S. lydicus were cultivated, but TGase activity was detected only in the culture broth of S. libani (data not shown). This strain is recognized as being the same as S. lydicus in the Northern Regional Research Laboratory (Peoria, IL). To distinguish the two species, the name S. libani is used hereafter.
The time course of TGase activity and Western blotting is shown in Fig. 1 . The pro-TGase which does not have TGase activity was secreted during first 4 days and the activity was less than 0.1 unit/ml. During further incubation, maturation occurred and after 6 days of incubation, the activity reached about 1 unit/ ml.
Purification of TGase from culture broth Ten liters of culture broth of S. libani after incubation for 7 days was subjected to purification. On the CM-Sepharose chromatogram (pH 5.5), most activity was in the flow-through fraction but little TGase activity was detected in the elution of 0-0.2 M NaCl. This result suggested that TGases having various isoelectric points exist in the culture broth. The flow-through fraction with TGase activity was applied to further steps. On the Q-Sepharose (pH 8.0), little TGase activity was adsorbed. On the Q-Sepharose (pH 9.0), most activity was adsorbed and eluted at 0.1-0.2 M NaCl. The result of Western blotting (Fig. 1b) showed that Pro-TGase was gradually processed and became mature TGase. Considering these observations and the results of chromatography, it is possible that there were some TGases in the culture broth and they had different pI. In view of the performance on chromatograph, the main component of TGase was basic protein with pI=8.5-9.0 and had a similar character to TGase from S. mobaraense var. The main active fractions were pooled and concentrated to load on gel filtration, and the purified enzyme had 10.7 unit/mg of specific activity (Table 1) .
Primary structure of purified TGase The purified enzyme was subjected to SDS-PAGE and Western blotting (Fig. 2) . Electrospray ionization (ESI) mass spectra were recorded on a Finnigan Mat TSQ700 mass spectrometer (ThermoQuest Co. Orsay, France), and the N-terminal amino acid sequence was analyzed (Fig. 3 ) on a Shimadzu model PPSQ-10 Protein Sequencer (Shimadzu Co., Kyoto). Molecular weight was estimated to be around 40,000 in SDS-PAGE and to be 37953 by ESI-mass spectrometry. The molecular weight (MW=37,953) of TGase of S. libani was higher than that of TGase from S. mobaraense var. (MW=37,862) . The sugar chain was not detected by periodic acid Schiff staining (data not shown). The antibody againstTGase from S. mobaraense cross-reacted with TGase from S. libani in Western blotting (Fig. 2) . Bech et al. (1996) revealed the gene structure and the partial amino acid sequence of TGase from S. libani. In their finding, the molecular weight was 37,662 and 291 mass smaller than our results. Compared to the N-termi- nal amino acid sequence, three amino acids (Ala-Pro-Asp) were added and were calculated to equal to 291 mass (Fig. 3) . The maturation of TGase from S. libani might have been insufficient. The processing of pro-TGase might be done step by step with one or more proteases or peptidases. This speculation does not contradict the results of Western blotting during cultivation (Fig.  1b) .
In SDS-PAGE analysis, the difference of molecular weight was observed to be larger than 91 mass (=37,953, S. libani-37,862, S. mobaraense var.). The mobility of molecules in SDS-PAGE is affected by the charge of molecules in the denatured state. Theoretical pI calculated based on primary structure using the software (GENETYX-MAC ver. 10) (Software Development Co., Ltd., Tokyo) were pI=6.38 and 6.87 for TGase from S. libani and S. mobaraense, respectively. The difference of 0.49 in pI is too small to affect the mobility. In this study, the reason for this difference of mobility could not be found; some other structural difference might exist.
Enzymatic properties of TGase from S. libani The optimum reaction condition and stability were determined (Fig. 4) . Optimum temperature was little lower than that of TGase from S. mobaraense var. and the thermal stability was also lower. It was speculated that the thermal stability caused the lower optimum temperature. However, this is one favorable aspect of using this enzyme in food application, because inactivation of the enzyme will be easier. TGase from S. libani has optimum pH in a more slightly alkaline condition than TGase from S. mobaraense var., however, there is no distinct difference in pH stability.
On the other hand, a distinct difference was found in gelation activity (Fig. 5) . The storage modulus (G') and the loss modulus (G") of sodium caseinate solution increased rapidly with TGase from S. mobaraense var., while that with TGase from S. libani, was much slower. The solution of sodium caseinate turned to gel within 60 min with TGase from S. mobaraense var., however, it took more than 85 min with TGase from S. libani. This observation might have resulted from either the difference in substrate specificity or stability of the enzyme. In our system of evaluating the substrate specificity using synthetic peptide (Ohtsuka et al., 2000) , no difference was observed between two enzymes for peptides (data not shown), however, for proteins further study is needed. The stability of TGase from S. libani is slightly lower than that of TGase from S. mobaraense described above. It is assumed it affects the gelation activity because the enzyme slightly loses the activity during a long period of reaction.
In deamidation activity, there was a great difference between the two enzymes. The S vs. S/V plot is shown in Fig. 6 . The absolute value of cross point with the X-axis indicates km value. In NH 2 OH incorporation (acyltransfer reaction) km value of TGase from S. mobaraense var. and S. libani is 25.9 and 26.2, respectively, whereas km value for deamidation of TGase from S. mobaraense var. and S. libani is 3.5 and 16.8, respectively. (H 2 O acts as acyl acceptor instead of primary amine). From the kinetics of the reaction by TGase which is understood as the modified Ping-Pong mechanism (Folk & Chung, 1973) , this difference occurs during the rate-limiting step of the nucleophilic attack of the second substrate.
In our study, there were some distinguishing differences between TGase from S. libani and S. mobaraense var. Comparing the primary structure (Bech et al., 1996) , the amino acid sequence homology is 79.1% of 330 amino acids. There are more than 60 substitutions in the sequence and the substitutions are widely scattered in the molecule. How these substitutions affect the properties can be discussed when three-dimensional information is available in the near future.
From another point of view, some enzymes (TGase) might exist in the culture broth of S. libani. The N-terminal amino acid might vary according to fermentation conditions. The maturation process might be done by some processing enzymes (protease and peptidase) and secretion of processing enzymes affect the kinetics of maturation of TGase. In fermentation of S. mobaraense, pro-enzyme is secreted for a very short period. The variation of pro-structure and processing enzyme are believed to affect the productivity of microbial TGase. Not only the relation structure and function of TGase but also the relation of pro-structure and processing enzymes are targeted for study in future. 
